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1. lntmduction and summary

‘1’hc Mini-S’J’J;I’ concept was umccivcd
f]om a desire by NASA to reduce  the cost of
t h e  S a t e l l i t e  “1’cst of the liquivalcnce
l’ri]]ciple (S”J’l;I’)  expcrimmt below that of
the already cJownsizd  <)uick  S’J’}~,P concept.
‘1’hc goal was for the total cost, including
payloaci, spacecraft, launch vehicle, reserves
atd operations to be in the $50 m ratlgc.
Stanford University and the Jet Prc)pulsion
1 .ab studied this simplified S’1’1:1’  concept
bctwcc]) March and JUIIC ] 995. A s]]l]i]ar
concept was dcvclopcd  in parallel by the
}iut opcan Space Agency  (lRA)  a s  a]]
altcmativc to the M3 SrJ’Jll’  mission.

‘1’hc Mini-S”J’}W approach was to start with
the  Quick  S“l’J!I’ concept ,  def ine  the
Ini]limu]n science  floor anti then rcdL]ce  cvmy
component to be the smallest ad least
cxpmsivc available, consistent with the
minilnuln  science objectives. “I”IIC  most
expensive items it] Quick S’1’1[1’  were the
il]stl  umcnts, spacecraft and launch  vehicle,
i]) that ordcI-. ‘Jle  payload was rcclucccl from
f o u r  ctiffcrcntial  accc]cromctcrs ad a
gradiomcter to just four differential
accclcro]ncters ( f r o m  ten to eight t e s t
Inasscs). A  scl]]i-]>rodt~ctic)]~  spamcraft
p]anticd  for a co]]lll]t~]lic:ttioJls  constellation
was sc]cctcd for its low cost, small size and
si]nl)licity.  ‘J’hc total systcm mass of 390 kg
allo~vs  the usc of a less expensive shared
‘J’aurus  launch vehicle which can place the
payload in a 400 km, s~]I~-syJ)cllroIlotls  polar

mbit. l)UC to the simpler payload, the
minimum mission duration is reduced  to less
than four mo]lths,  1 lowcvcr,  the primary
experiment of measuring the f{quivalcmce
Principle to 10- 18 is unchanged, It] tiddition,
the g,codcsy expcri{neslt  was climinatcci.

Stanford LJnivcrsity  will design and build the
payload \vitl]  the likelihood of ii~tcrn:ltimml
collaboration in mission and payloa(i
subsystem compommts.  NASA will mana[:c
tllc project throu@  the Jet I’repulsion
I ,aboratory.

2. Mini-S’J’ill’  Science. Objcctivcs

Sinlp]y  stated, t h e  };quivalcnce l’rincip]c
says that glavitationa]  ancl im]-tiai  mass arc
equivalent measures of the same thing. ‘J’hc
Satelli te ‘J’cst  of the l:quivalcncc  1’1 inc’iplc
(S”l’ltl’)  compares the ratios of inertial to
gtavitationa]  mass t o  al] unprcccdcntcd
:iccuracy.  ‘1’he “Weak” fiquivalcnm  ]’linciplc
(W]:<]’)  postulates that all test objects in aIl
external gravitational field fall with the same
acceleration, incicpcndcnt of their
composition. “1’hc primary scicmtifjc
objcctivc  of S-l’l;l’ i s  t o  m e a s u r e  a n y
difference in the rate of free fall of test
masses of different compositions in an l;arth
olbiting  satellite to one part in 10]8 of the
total gravitatic)nal  acceleration. “1’his  i s
approxim:itc]y  a ]nillion-fo]d  improvement in
sensitivity over the best experiments to date.
While Quick S-J’JII’ h a d  f o u r  diffcrcntid
accelerometers that could compare four



diffcrm~t materials si]]lt]lt:it]cotisly, only a
single ciiffcrential  acccleromctcr  is required to
carry out the cxpcrimcnt.  Mini-S’l’llP  a lso
uses four differential accc]cromctcrs, but
they arc opcratcci  sequentially to reduce the
nmnbcr  of electronic mmponcnts.  llithcr
four or five test matcria]s can be USC(J  with
tl]c four differential accclcromctcrs.

‘1’hc earlier Quick S“1’}{1’ concept used the
(img,-free propcrlics of the satellite, a
precisio]l gmiiomcter a n d  t h e  prccisc
position cictmnination  capability of the
(iloba] l’ositioning  System (GPS) to conduct
a  gcocicsy  cxpcrimcnt, “J’hc gco(icsy
cxpcrilnc]]t ami its graciio]ncter  as well as the
G1’S receiver is ciroppcci froln the Mini-
S’1’1{1’ mission.

‘J’lIc  reduced  s c i e n c e  rcquircmcnts  aml
si]nplificd payload configuration
significantly rcciucc the overall system
rcquircmcnls. ‘1’hc mission duration is
rc(iuce(i  from six to four months since thc~ c
a r c  f e w e r  ]ncasurements  to be ma(ie.
Spacecraft pointing is rc(iuccci  from 1(1
arcscconds  to one arcminutc  and the data
rate is rcduccd  from 315 bit/s to 128 bit/s.
l’ay]oa(i weight an~i power have
corlcs]]()~l(iil]gly  Iargc {iccrcascs.

3. l’ay]oa(i

“1’he core of the Mi]li-S”l’J;P  payload is the
supcrllui(i  hcliull]  (icwar enclosing the probe
that contains the cxpcrimcnt  apparatus. A
smaller Iic]uid helium (icwar consistent with
the smaller  payload an(i shorter mission was
investigated. It tumc(i out that the Quick
S’1’l;,l’  ticwar, an e x i s t i n g  (icsigtl b y
1,ockhccci,  is less cxpcnsivc  tha~] (icvclopiug
a new cicwar  and could be aecommociatc(i b y
the prcfcrlcd ‘1’aurus  launch vchic]c shroud.

“1’hc dewar i~rovicics t h e  rcquirc(i 1 . 8  K
te.mpcraturc  within the cxpcrimcnt  volume
by employing four vapor-cooicci  shells. ‘J’hc
nominal tcmpcraturc  of the outermost shell
is 200 K with a mass flow rate of the helium
gas of 1.6 Ing/scc. “1’hc helium boil-off gas is
collcctcci  into a reservoir. “J’hc gas is thcm
routcci, un(icr comi)uter cont ro l ,  to  16
thrusters that provicic  the force anti torque
rcquire(i  to maintain tile sateiiitc cirag-fiec  in
both translation anti  rotation. ‘1’hc drag-free
sensors  arc  ti]c two i~ayloa(i  ciiffc[-clltial
accclcromctcts  which provi(ie sensing in the
X and Y  (iircctions through commol) mxic
n]casul-cmcnts i]] thcil-  sensitive axes. Scmillg
in the Z ciircction  (nol-[nal  to the orbits]
plane) is done by capacitive Incasurclncnts
in the accclcmmcter’s  ra(iial  direction. “J’hc
caicuiatcci  mtc of hcliwn  gas boil-off an(i the
choscl~  thruster configuration provi(ies an
upper force limit in any direction of about
160 ~iyncs.  “J’hc payload geometry is sbow]i
in figure 1.

Y

I C*M n
CWWW.A1 L S

\

l’igurc 1. h4ini-S’J’IiJ’  payload gcolllctry

accclcmmctcrs
similal-  to, but

‘1’hc Mini-S’J’1{1’ differential
arc hoNsc{i  in a quartz block,
slnaller  t h a n  Q u i c k  S“l’JT. OJ)ly ODC
accclcrolnctcr  will bc operated at a time,
therefore only one set of payloaci electronics
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is pmvidd  (compared to five for Quick
S-l’lll’).  ‘Il]c gravitational effect of lvdimn
slosh on the differential accclcmmetcrs  is
easily avoided in Mini- S3’l;l) by confinil]g a
lCCillCC(i  Voltlmc of helium in t}]c dCwar  to a
radius of greater t}]an 25 cm from the test
masses. otbcrwisc  the configuration of tbc
dcwar, accc]cromctcr package, warm
electronics ad solar panels  is similar to
Quick  S“l’l{l).

4. ‘J’hc Spacecraft

l;igure 2 shows tbc overall configuration of
t h e  Mini-S’l’l{J) satellite including tbc
Imyloaci  and spacecraft.

1----  1— :;;::;,,  . . . . . . . . .----” -u
];igurc 2. ‘J’hc Mini-S-l’El’ Satellite

“1’hc baseline spacecraft is a commercial
ligl]tsilt presently being developed as a global
co]]~il]l]]]icatio]]s  network. I’wo satellites
wmc successful] y launched in 1995. “1’llc
li@tsat  is carried on top of tbc payload ami
oJ]ly pmviclcs such basic scrviccs as power,
command and data handling, tclclnctry  and
tbc central computer. Modifications to the
stanclard spacccraf[  incluc]c  removal of the
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attitdc control system, inclusion of the
optional S-band telemetry system and a
single, 1.95 m diameter, silicon solar array.
‘1’hc solar array is mounted on top of the
spacecraft. and provides >200 w power.
I’bcrc i s  s u f f i c i e n t  s p a c e  inside tbc
spacecraft to col]tain the warm payload
electronics, therefore 1)0 ackiitional
electronics pallet is required as in Quick
S’I’1 {1’. ‘1’hc launcher  intcrfacc adapter
attacbcs  to  the dcwar lower nmmting  rin[:.
“1’hc  tllcrlllal  c o n t r o l  i s  p a s s i v e ,  using
conventional means (mu]tilaycr  insulation
and paints) to maintain tbc cquipmellt
temperature within limits. “1’bc  dcwar sides
arc  covcrcd  w i t h multilayer insulation
(Ml,]) .  l’he soIar array sbicl(is the (icwar
from (iircct  sokII-  ra(iiation, whiic t})c Ml ,1
covers  p]-otcct it fiun the llarth raciiation.
‘J’cmJlcratme  excursions on the (icwar  outer
shcli  ciue to  the  changing  attitu(ie  wit]]
respect to the l{art}~ arc maintained well
bc]ow I K, m]suring  high thcrmai  stability
anti very low structure deformation at orbital
frequency.

Coarse attitude sensors illc]~l{lc two star
trackct-s,  sun sensors an[i magnetometers.
Attitu(ie control of Mil~i-S3’IH’ is rclaxc(i  to
OIIC arcmillutc aJ)ci w i l l  be provi(ic~i
colnplctcly  by the payload (irag-free thruster
system and payload computer.

A sing]c battery  is usc{i  in tbc early attitl]dc
acquisition pbasc ami for cmcrgcncy energy
provisim] to iifc-critical equipment. S-ban(i
cc)lll]ll~lllicatiofl  with the grounci stations is
J>rovi(icci  by two hemispheric coverage
antennas locatc(i  on opposite edges of the
spacecraft. ‘1’hc I)SN antennas provide bigi]
margins for tclcmctry  with a s~)acccraft
transmitter power of less than 1 Watt ami an
average data rate of 128 bits/see. ‘ihc on-
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board clata  handling is manageci by a central
processing unit collecting the scicncc and
control data into a solid state 32,0 lncgabyte
Illass memory.

5. “1’hc Mini-Srl”l;,P  Mission

Alowcrlil~lit  totl]eorl]ital  altitude is set by
the atmosJ>hcric  drag force, since the helium
boil-off can cancel only a limitd  drag. A
sun synchronom orbit, free of eclipse for the
six-lilontb  duration of the miss ion,  i s
ncccssary, to avoid large changes in tbc beat
inpllt that might Cause thcrmoclastic
deformation of the structure. such
dcformaticms  wc)ulcl  came c}]angcs in the self
gravity of the satellite at orbital freclucncy
which WOUICi  be ctctectd by the
accclcromctm,  and have the same signature
as all l;,quivalcncc ]Yinciplc violation sighal.

“1’llc  p l a n n e d o r b i t  h a s  an altitucic  o f
apploximatcIy 400 k[n and an irlclinatior]  of
97.1 clcgrecs.  ‘1’0 avoicl  cclipscs,  the satellite
must bc launched within  one of two yearly
launch windows, each two months long ancl
ccntcrcci around the equinoxes. ‘1’hc daily
lamch  w i n d o w  i s  one hour  wiclc  ancl is
chosen to place the sun at right angles with
respect to the orbit line of nocics. ‘Jllc
curl cmtly assumcci  launch epoch is Ihc fall c)f
2000  with a four month operational period.

‘1’he satellite will bc launched by a shard
‘J’aurus launch  vchic]e f r o m  t h e  Wcxtm]
‘J”cst Range (Vanclcnbcr.g  Air };orcc IIasc).  A
l:irgc lnass margin is available from this
Iaunchcx with respect to the plannccl  satellite
mass of 388 kg. “J’hc only present launch
vchic]c ICSS  cxpcnsivc  t h a n  t h e  sharcci
‘1’aurus  is tbc Pegasus, l’egasus can place less
tha[l 300 kg into the rccplircci  orbit. l;vcry
attempt was made to reduce the Mini  -Sr]’lll)
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m a s s  so that the Pegasus launch vchiclc
CC)UIC1  b e  USCC1.  It finally became hc)peless
when it was realiy,cd  that the solid-fuel
J’cgasus JICCCiCCi  a  c o s t l y and h e a v y
1 lydrazinc Auxiliary Propulsic)n Systcn]
(1 IAI)S) to circ[llarizc  the orbit.

The basic attituctc  mode of the satellite
(Normal or N-mode) is inertial, with the Z
axis pointing at the orbit normal. ‘1’IIC
sensitive axis of the rcfcrcnce accc]crometcr
is in the orbit plane, and points parallel to
the orbital velocity vector as the satellite
passes cwcr the hig,hcst latituctc  poi]~t  in its
orbit. ‘1’bus, the signal one wants to measure
is nominally a sinusoici. Othcr attitucle
mocics al c Uscci t o (distinguish the
I{quivatcncc  l’rinciplc  violation si~t]al  from
signals, originating, either in the spacecraft c~r
in the environment, that have the same
(orbital) frequency when the satellite is in
N - m o d e .  “1’he  tuminp, or ‘1’-moclc has d]c
spacecraft rotating at a constant rate (froln
balfto twice the c~rbit  rate) about the Z axis.
Spurious signals arc ciistirlguisheci  by the~r
changing amplitude, phase anti frequency as
the satellite is moved  from onc mocie to
another.

‘1’bc planncci  mission profile inclucies  a b:isic
]ncasmuncmt cycle with the satcllilc
spcncting one week in each of the two basic
attitucie mocics. A two-tcl-three week-long
pmioci of checks for systematic ciisturbancm
fbllows,  when both attitude mocies can bc
useci, anti then the basic cycle is rcpcatcci.
‘J’hc initial commissioning ancl calibratim
pbasc is estimatcci to last two weeks. ‘1’lle
missio]l lifetime is limitcci  by the time it
takes to evaporate the supcrftuici hctium
cryogm  in t h e  cicwar. Tile b a s e l i n e  cicwar
design  provicics a four months supp]y  with a
total liquid heiium capacity of about 12?0



]itCl S. ‘1’ab]c ] COlllpalCS  tbc lllaill  fCatUICS  Of Mini-S”l’1{1’
the earlier Quick S’1’}il’ mission with the mw

‘J’able 1. Ql]ick S"l'lil' a~lci  Mil]i-S'l'};I'  l]lissio]l  co]l]]~ariso1]

1 ,autlch  Vcbiclc
l’ayload (;apability@]400km
Spacccrafl

‘1’ypc
Mass
l’owcr avail:iblc
‘1’dclmtry
(’ost

l’ayloact  (with bclium)
Mass
Avcmgc  POWCI
No. of accelerometers
No. of test masses
I )ata rate

Missio]]
orbit
J ,ifctinlc
‘J’eta] launch mass
1 .aunch date

Quick S“J’J;l’
‘1’:lUl”lls
900 kg
“1 ,igbtsat”
3-axis stal>ilizcdto  10arCsCC
120 kg
>200” w
S-band @) S Mbps
~%?.s M

386 kg
105 w
6
10
315 bitsfscc

500 kln circular
< 6 ~]]o~]tl]s

600 kg
Spring, 2000

Mini-S’l’}{1’
sharcci ‘J’aurus
= halfof950  kg
OS~ Micrc)star
A(S by 1’/1, to 1 arcmil]
35 kg
>~~()  \v

S-band @) 5 Mbps
= $4 h4

310kg
g~ w

4
8
12.8 bits/see scicncc

400 kII~ circular
<4 months
38.s kg
Fall 2000

]’arl of the rescarcb prcscmtect  in this j>apcr was carlicd out at the Jet Propulsion I.aboratory,
(:alifbrnia  lnstitutc of “l’ecbnologyj  mdcr a contract with the National Aeronautics an(i Space
A(i]l]illist~:ltio]~.
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